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A B S T R A C T
Developing means to reduce the cost of solar energy is vital to curb our carbon footprint over the upcoming
decades. A luminescent solar concentrator (LSC) is a potential solution as it provides light concentration
without any tracking device and can be readily integrated into the built environment. In this study we report on
an advanced LSC design that employs quantum dots as absorption ﬂuorophores and organic dye molecules as
emission ﬂuorophores. By linking the two types of ﬂuorophores to each other, energy is transferred eﬃciently
via Förster resonance energy transfer (FRET) from the quantum dot to the dye molecule. This novel method
makes use of the quantum dot's spectrally wide absorption proﬁle and the higher quantum yield of the dye. We
show that our design can overcome the losses normally incurred due to a low quantum yield emitter by
transferring the absorbed energy to a linked ﬂuorophore with a higher quantum yield. Our experimental
measurements show FRET can enhance the optical eﬃciency of a LSC by at least 24.7%. The maximum
theoretical eﬃciency has been investigated by ray-tracing and has been found to be 75.1%; this represents a
relative improvement of even 215.5% compared to a LSC doped with quantum dots only (23.8%), showing the
great potential of our concept. Our design will initiate interest in ﬂuorophores which have not been considered
for LSC applications thus far because of their low quantum yield or small Stokes shift.
1. Introduction
Luminescent solar concentrators (LSCs) were invented in the late
70s to reduce the cost of solar energy by concentrating the incident
sunlight, [1–3]. A ﬂat, transparent host is doped with ﬂuorophores
which absorb the incoming photons and emit them again at a longer
wavelength. Through total internal reﬂection, photons are trapped
within the host to reach the thin side surfaces which have solar cells
adhered to. This reduces the need for costly solar cell material and
additionally makes expensive tracking systems redundant as not only
direct but also diﬀuse light is absorbed by LSCs.
Despite their great potential, LSCs have struggled to make a strong
impact on solar energy due to the following shortcomings (see also
Fig. 1a): (1) ﬂuorophores will lose some of the absorbed energy to heat
due to a non-unity quantum yield, (2) depending on the direction of
emission, the photons could be lost via the escape cone, (3) commonly
used ﬂuorophores have a spectrally narrow absorption band, and (4)
overlapping absorption and emission spectra cause emitted photons
to be re-absorbed exacerbating shortcomings (1) and (2). An additional
concern for LSC researchers is the photostability of the ﬂuorophores to
make them suitable for long-term outdoor applications, [4–7].
To absorb a wider part of the solar spectrum and increase the
photon's wavelength shift, it was suggested to mix multiple types of
ﬂuorophores at high concentrations and induce Förster resonance
energy transfer (FRET) [8–12]. The high concentration is needed to
ensure that the diﬀerent types of ﬂuorophores are in close proximity for
FRET to occur. Highly concentrated ﬂuorophores are prone to aggre-
gation though, which can alter their properties such as lowering their
quantum yield. The dense packing of ﬂuorophores can be avoided by
linking the donor and acceptor ﬂuorophores; examples of linked
ﬂuorophores include phycobilisomes or dendritic energy cascades,
[13,14]. Another approach involves rare earth ion based hybrids which
have the beneﬁt of negligible re-absorption, [15].
Dye molecules can be aligned homeotropically to improve the
trapping eﬃciency and thus reduce escape cone losses, [16–20]. Such
an alignment will generally limit the absorption of the incoming light as
the dye's dipole moment and the electric ﬁeld vector of the incident
light will be close to orthogonal to each other. To circumvent the low
http://dx.doi.org/10.1016/j.nanoen.2016.11.058
Received 4 July 2016; Received in revised form 1 November 2016; Accepted 29 November 2016
⁎ Corresponding author.
E-mail address: i.papakonstantinou@ucl.ac.uk (I. Papakonstantinou).
Nano Energy 32 (2017) 263–270
Available online 18 December 2016
2211-2855/ Crown Copyright © 2016 Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/).
MARK
absorption of a homeotropically aligned dye molecule, a second
ﬂuorophore can be utilized to serve as a donor or absorption
ﬂuorophore, [17,21–24]. If the donor is in the proximity of the dye
molecule, the absorbed energy can be transferred to the dye via FRET.
The donor should preferably have a spectrally wide absorption
spectrum; quantum dots generally fulﬁll this requirement but suﬀer
from a lower quantum yield, in particular commercially available ones
[25–28]. It was shown though, that a lower quantum yield is not a
hindrance to be a suitable donor in a ﬂuorophore pair due to the
eﬃciency of FRET as long as the emission ﬂuorophore has a suﬃciently
high quantum yield, [23].
Despite the quantum dot's spectrally wide absorption spectrum, the
emission spectrum is generally quite narrow; by varying the size of the
quantum dot the emission spectrum can be tuned towards the
absorption spectrum of any acceptor to maximize FRET. Also, quantum
dots (10–100 ns) commonly have longer exciton decay lifetimes than
organic ﬂuorophores (1–10 ns) which will make it easier for the FRET
decay rate to compete with the small radiative and non-radiative decay
rates of the quantum dot [29,30]. The phase coherence loss, also
denoted dephasing, which has been observed with quantum dots, is
another beneﬁcial property of donor ﬂuorophores for LSC applications
[31,32]. Dephasing enables the decoupling between the direction of the
incident electric ﬁeld and the induced dipole moment in the donor; this
way more eﬃcient energy transfer will occur from the donor to the
homeotropically aligned acceptor, [21]. Quantum dots also beneﬁt
from having a high photostability compared to organic dye molecules,
[29]. However, it was shown that the organic dye molecule chosen for
this study, part of the Alexa Fluor series, has superior photostability
compared to other organic dye molecules making it suitable for LSC
applications, [33].
Motivated by these ﬁndings, we have conjugated quantum dots with
dye molecules to induce FRET between them. We have chosen
quantum dots as the absorption ﬂuorophores/donors and dye mole-
cules as emission ﬂuorophores/acceptors; the quantum dots have a
spectrally wide absorption spectrum and the dye molecule have a
higher quantum yield. As a proof-of-concept, we have developed a LSC
Fig. 1. (a) The concept of our design: a LSC glass cell holds DI water which is doped with a quantum dot/dye molecule conjugate. Absorbed incoming light is either re-emitted, trapped
and guided towards the side surfaces or lost due to a non-unity quantum yield or via the escape cone. The close-up depicts the conjugate; the quantum dot (Qdots 545) consists of a core
(CdSe), a shell (ZnS) and an amphiphilic polymer coating with amine linkers attached to it. Dye molecules (Alexa Fluor 546) are attached to the quantum dot using their NHS-ester
linker. Incident radiation is absorbed by the quantum dot and transferred via FRET to the dye molecule which relaxes radiatively. (b) A chemistry reaction scheme for the conjugation of
quantum dots and dye molecules. (c) Our LSC glass cell ﬁlled with the conjugate under UV radiation.
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doped with conjugated dye molecules and quantum dots which entails
a LSC eﬃciency improvement of 24.7% compared to using quantum
dots only. A LSC doped with unlinked quantum dots and dye molecules
performs even worse than the quantum dots by themselves due to the
lack of FRET and the re-absorption by the dye molecules. Experiments
with a solar simulator and a commercial solar cell attached to the sides
of the LSC, also showed considerable improvement in optical eﬃciency
under AM1.5g illumination for the conjugate sample compared with
the rest of the samples. The concept and our prototype LSC are shown
in Fig. 1.
We are, to the best of our knowledge, the ﬁrst to show experimen-
tally to which extent the linking of inorganic to organic ﬂuorophores
enhances the performance of a LSC. It is shown that, thanks to FRET,
ﬂuorophores with lower quantum yield and small Stokes shift can still
be viable candidates for LSCs as absorption ﬂuorophores; our ﬁndings
will also support research in other areas where quantum dots are used
as donors such as the bioanalysis of nucleic acids, immunoassays, pH
sensing, or dye-sensitized solar cells, [34–40].
2. Results and discussion
2.1. Optimal ratio between dyes and quantum dots
Qdot 545 ITK amino(PEG) quantum dots (Qdots) have an amphi-
philic surface coating, to which is attached an amine-derivatized PEG,
allowing it to react eﬀectively with succinimidyl derivatives, [41]. We
therefore reacted the Qdots with the N-hydroxysuccinimidyl (NHS)
ester of the Alexa Fluor 546 dye (AFDye), thus creating a covalent
linkage between the Qdots and the AFDyes, as shown in Fig. 1b.
Multiple AFDye-NHS ester molecules can be linked to the surface of
one Qdot functionalized with amine linkers. A higher degree of labeling
(DOL - see also Degree of labeling section in Supporting Information)
will improve the energy transfer from the quantum dot to a dye
molecule; at the same time re-absorption by the dye molecules will
increase and interactions between the dye molecules attached to the
same quantum dot become more probable. To determine the optimal
DOL, diﬀerent initial AFDyes:Qdots ratios are investigated which are
shown in Table 1. The chosen initial ratios are (A) 10:1, (B) 20:1, (C)
25:1, (D) 60:1 and (E) 120:1. As described in Section 4, the actual DOL
is determined using absorbance measurements. Lifetime measure-
ments will yield the transfer eﬃciency and determining the ﬂuores-
cence of each sample will show if attaching dye molecules to the
quantum dots does enhance the emission.
Fig. 2 shows the absorbance spectrum for the conjugate A. The sum
of the Qdot and dye absorbances nicely resembles the absorbance of the
conjugate; thus the linking changes the absorbance of the individual
ﬂuorophores only slightly. The actual degrees of labeling are on average
equal to 7.3:1, 10.7:1, 13.1:1, 27.9:1 and 40.4:1 for samples A, B, C, D,
and E, respectively. The average separation between the QDots and
AFDyes was found by FRET theory to be r=7.6 ± 0.4 nm for all DOLs
(see Distance between donor and acceptor in the Supporting
Information), which is in excellent agreement with the hydrodynamic
radius of the QDot nanocrystal (r=8 nm). This indicates that FRET is
the predominant mechanism for energy exchange between the quan-
tum dot and the dyes.
Lifetime measurements are taken at 535 nm to only register
emission from the Qdots as emission of the AFDyes is negligible below
about 550 nm. The resulting lifetime curves are shown in Fig. 3 for all
conjugates and one sample with only Qdots. Additionally, the lifetime
of the AFDye is determined to be 4.1 ns (detection wavelength of
569 nm) which matches company data, [42]. If more dyes are
connected to one Qdot, more energy absorbed by the Qdot will be
transferred to the attached dye molecules. This will reduce the
measured lifetime of the emission coming directly from the Qdot.
The resulting energy transfer eﬃciency is depicted in Fig. 4. The FRET
values are shown as a function of DOL. The energy transfer eﬃciency
increases at ﬁrst quite strongly with DOL, but after a DOL of around
13:1 every additional dye molecule does not add much to the transfer
Table 1
Different AFDyes:Qdots ratios investigated in this work and their respective DOL and
transfer efficiency.
Sample Initial ratio DOL FRET
A 10:1 7.3:1 59.9%
B 20:1 10.7:1 73.8%
C 25:1 13.1:1 80.1%
D 60:1 27.9:1 90.3%
E 120:1 40.4:1 93.9%
Fig. 2. The absorbance spectra of the Qdots, the AFDyes and sample A. For comparison
the sum of the Qdots and the AFDyes is shown.
Fig. 3. Time-resolved ﬂuorescence lifetime measurements of the Qdots and the
conjugates using an excitation wavelength of 405 nm .
Fig. 4. FRET as a function of DOL. The degree of labeling will be lower than the starting
ratio as some dyes will not have linked to the quantum dots. Circles show experimental
measurements, while the line is an interpolation of the measurements to guide the eyes of
the reader.
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eﬃciency. Every time a dye molecule is added to the nanocrystal, it will
reduce the lifetime of the quantum dot. As a result, it becomes
increasingly diﬃcult for the decay rate representing the energy transfer
from the quantum dot to the newly added dye to compete with the
decay rates of the nanocrystal. At the same time more dye molecules
will aggravate re-absorption; thus a balance has to be found between
higher FRET and lower re-absorption.
A ﬂuorescence spectrometer is used to determine which DOL
depicts the strongest ﬂuorescence and how it compares to a sample
with only quantum dots. Fig. 5 depicts the emission proﬁles for the
investigated samples with an excitation source of 405 nm. While care is
taken during the fabrication of the samples to ensure the same
concentration of quantum dots among the samples, slight variations
will occur. To take this into account, the depicted emission proﬁles are
the measured ﬂuorescence divided by the absorbance of each sample at
405 nm. The emission by the quantum dots is strongly quenched due to
FRET, in particular for sample E. There is also a red-shift that increases
with the DOL as re-absorption by the dye molecules increases. Even
though sample A depicted a lower FRET value than the other ratios, it
is the strongest emitter as re-absorption is weaker. Also, for a higher
DOL dye molecules linked to the same Qdot could interact with each
other which will create additional decay channels and potentially aﬀect
their quantum yield. For sample E the integrated photon count is
12.9% lower compared to the Qdots by themselves due to the
aforementioned reasons. Sample A, though, emits 49.6% more photons
than the quantum dots by themselves as a result of FRET. Some of the
photons that would be lost due to the lower quantum yield of the Qdots
are instead transferred to the dye molecules and emitted. For the
comparisons above the emission spectra are integrated over the entire
wavelength range.
2.2. Internal optical eﬃciency results
As described previously, the performance of a LSC can be deter-
mined with the help of an integrating sphere, [43]. The internal optical
eﬃciency is the probability that a photon reaches the side surfaces after
a photon is ﬁrst absorbed by a ﬂuorophore. In contrast, the optical
eﬃciency takes into account every photon that reaches the front
surface of the LSC. Since the absorption levels of the samples
investigated in this work are the same, a sample with a better internal
optical eﬃciency will also have a superior optical eﬃciency.
Based on the results above, sample A with an initial ratio of 10:1 is
the most promising candidate for a prototype LSC with linked quantum
dots and dye molecules. As a proof-of-concept, the conjugate is injected
into the LSC glass cell to determine its internal optical eﬃciency
compared to non-linked samples.
For the following measurements four diﬀerent samples are injected
into the LSC glass cell: (1) Qdots only, (2) Qdots and AFDyes which are
not linked, (3) Qdots and AFDyes conjugated using an initial ratio of
10:1, and (4) AFDyes only. All samples have the same concentration of
Qdots (2.5×10–6 mol L–1) and/or dyes (1.8×10–5 mol L–1). As men-
tioned in Section 4, the dyes were kept in DI water to become non-
reactive for the unlinked sample. However, a few dyes remained
reactive and conjugated to the quantum dot resulting in a transfer
eﬃciency of 14.7%; unlike the conjugate sample, the unlinked one is
not centrifuged though which means that the majority of dyes in the
unlinked sample are not attached to any Qdot. The conjugate sample
with an initial ratio of 10:1 made for the following experiments turned
out to have a slightly lower FRET eﬃciency of 51.5% than the one in
the previous measurements (59.9%). Potential reasons include that the
conjugation was performed using larger volumes and that some of the
dyes in the AFDye/DMF mixture have become non-reactive between
the preparation of the two diﬀerent 10:1 samples.
With the help of the integrating sphere, the quantum yield of the
AFDye is determined to be 79% which matches the company data very
accurately, [42,44]. Measurements using the integrating sphere indi-
cate though that the quantum yield of the Qdots is somewhat lower
than reported by the company. The quantum yield is veriﬁed to be 42%
by additionally comparing it to the quantum yield of Coumarin 6 in
Ethanol (see Quantum yield of QDots section in Supporting
Information), [45,46]. The lower value could be due to the diﬀerent
solvent and pH level, [47].
Fig. 6 shows the total emission (i.e. escaping through all six
surfaces) of the four samples inside the integrating sphere. The dye
only sample emits weaker than the other samples due to the low
absorption. The dye only sample absorbs less than 1%, while the other
samples absorb about 13.5% at the incoming wavelength of 450 nm.
The excitation wavelength of 450 nm is chosen to limit direct absorp-
tion by the dye molecules; this ensures that any potential enhancement
is due to FRET. The conjugate sample again outperforms the Qdots
sample; the increase in total emitted photons (24.1%) is not as
pronounced as with the ﬂuorescence spectrometer. Firstly, the FRET
eﬃciency is lower for this sample resulting in more photons being lost
by the lower quantum yield of the quantum dots. Secondly, the
emission is trapped within the LSC glass cell and therefore re-
absorption will be more dominant than in the ﬂuorescence spectro-
meter. This will aﬀect the conjugate sample stronger as the dye
concentration is about seven times higher than the quantum dot
concentration. Since the dye sample has the same concentration as
the conjugate one and the former only absorbs 1%, it is evident that
only a small share of the conjugate emission is due to direct dye
excitation. The conjugate also emits 13.3% more photons than the
unlinked sample, proving that linking the quantum dots and dye
molecules is essential to boost the LSC performance.
The performance enhancement becomes even clearer when con-
Fig. 5. Emission measurements of the Qdots and the diﬀerent conjugates using a
ﬂuorescence spectrometer. The excitation wavelength is equal to 405 nm and the graphs
take into account the absorbance of each sample at this wavelength.
Fig. 6. Measured emission of the samples enclosed in the LSC glass cell within the
integrating sphere. The four samples shown are the Qdots (orange), the conjugated
sample (green), a sample with quantum dots and dye molecules that are not linked (pink)
and an AFDye sample (purple). The emission escaping through the front, the back and all
four side surfaces is measured.
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sidering the LSC metrics which are shown in Fig. 7 and derived from
two independent measurements. The experimentally measured inter-
nal optical eﬃciency, escape cone losses and non-unity quantum yield
losses are compared to ray-tracing simulations, a modeling technique
commonly used for LSCs, which we have extended to include FRET,
[48,23,43]. The internal optical eﬃciencies of the three samples are
15.9% ± 0.1%, 14.1% ± 0.1% and 19.8% ± 0.2% for the Qdots, the
unlinked and the conjugate samples, respectively. This represents a
relative improvement of 24.7% ± 1.2% from the Qdots sample to the
conjugate one. This is due to the non-unity quantum yield losses
dropping from 63.8% ± 0.1% to 54.8% ± 0.3%. Photons that would be
lost due to the low quantum yield of the quantum dots are now
transferred via FRET to the dye molecule which has a higher quantum
yield. This was achieved using a dye molecule with a quantum yield of
79% in this proof-of-concept prototype; the improvement would be
even stronger for acceptors with a higher quantum yield.
To demonstrate that the enhancement is due to the linkage, we also
compare an unlinked sample with the Qdots one. The unlinked sample,
which has the same concentration of quantum dots and dye molecules
as the conjugate, has a 11.3% ± 0.2% lower internal optical eﬃciency in
relative terms than the quantum dots only sample. The same number of
photons are lost due to the lower quantum yield of the quantum dots;
re-emitted photons are then additionally re-absorbed by the present
independent dye molecules which increases escape cone losses and
non-unity quantum yield losses. The decrease is not that strong since
the sample still showed some FRET as not all dye molecules have
become non-reactive. Assuming no linkage at all between the Qdots
and the dye molecules our ray tracer predicts an internal optical
eﬃciency of only 10.9% and non-unity quantum yield losses of 69.0%.
This represents a relative internal optical eﬃciency decline of 31.7%
and 45.3% compared to the Qdots and the conjugate samples,
respectively.
2.3. Solar simulator results
In the previous section, we used a single excitation wavelength to
furnish the contribution of the FRET process to the performance
enhancement of the conjugate sample. Herein, we investigate the
optical eﬃciency of our LSCs when exposed to the entire solar
spectrum. For the following experiments the eﬃciency of the LSCs to
the AM1.5g spectrum is determined, with the help of a commercial
solar-cell attached to their side. Multiplying the eﬃciency with the
geometrical gain, yields the concentration factor, [49], which is used as
the ﬁgure of merit for comparison between the diﬀerent LSC samples.
Concentration factors achieved previously in the literature are in the
ranges of 0.05–0.54 for organic molecules and quantum dots in organic
solvents [28,50], 0.10–0.90 for cylindrical LSCs doped with
Rhodamine 6G or Eu3+ [50], 0.271 for cylindrically shaped LSCs
doped with PbS quantum dots [51,52], CdSe/ZnS (0.08) and PbS
(0.18) in liquid solutions [53], and 1.91 for CdSe core/multishell
quantum dots in PLMA, [27].
IV measurements were performed with a commercial solar simu-
lator system (LS0905, LOT Oriel) for four LSC designs (conjugate 10:1,
unlinked, AFDyes only, Qdots only). In this particular experiment, a
glass cell with area 20 mm×20 mm was used. The lamp of the system
was calibrated to provide an irradiance of 1 sun (1000 W/m2) at the
surface of the LSC, while the AM1.5g solar spectrum was emulated in
the experiments by an appropriate bandpass ﬁlter (LSZ189). A poly-
crystalline silicon (p-Si) solar cell (RVFM-34038, Rapid Online) of
active area 19 mm×3 mm, was attached to one side of the LSCs under
test. The geometrical gain achieved was thus, G=7 in all cases. The
eﬃciency of the p-Si solar cell was measured with the solar simulator
Fig. 7. The experimental (blue) and simulation (red) LSC metrics results of the diﬀerent samples. Qdots is the sample doped with quantum dots only, Unlinked is the sample with
quantum dots and dye molecules that are not linked and Conjugate denotes the linked sample. (b) Depicts a magniﬁcation of the experimental eﬃciency results. Also shown is the
relative improvement of the experimentally measured internal optical eﬃciency compared to the Qdots sample.
Fig. 8. (a) IV curves for the four LSCs characterised in this work. Inset: IV curve of p-Si solar cell. (b) EQE for p-Si solar cell. Shaded area: Spectral region of Qdot and AFDye emission.
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and was found to be 10.6%. While commercially available solar cells
with better eﬃciency exist, the particular solar cell was chosen as its
external quantum eﬃciency was relatively ﬂat (~40%) over the emis-
sion spectra of both the Qdots and the AFDyes (see Fig. 8b); this
facilitates comparison between the diﬀerent LSCs. Index matching ﬂuid
(Cargille, n=1.56) was applied at the interface between the LSC and the
p-Si cell to suppress reﬂections. A diﬀuse aluminum reﬂector was
mounted at the bottom of the LSC to increase the absorbance of the
device. The results in Fig. 8a demonstrate a noticeable increase to both
the short-circuit current and the open-circuit voltage of the conjugated
LSC compared with the three other LSCs. The eﬃciency of the
conjugated LSC is 2.87% (see Table 2) normalized with respect to the
AM1.5g spectrum, which corresponds to a concentration factor of
0.222. These values represent a relative increase of 36%, 28% and 10%
compared with the AFDyes only, the Qdots only and the unlinked LSCs,
respectively. Unlike for the internal optical eﬃciency measurements
(see Fig. 7), the unlinked sample performs better than the Qdots
sample. This is due to the spectrally wider absorption of the unlinked
sample which oﬀsets its lower internal optical eﬃciency. However, the
diﬀerence in eﬃciency between conjugated and unlinked LSCs will
increase with the geometrical gain G, as longer optical paths will lead to
more pronounced reabsorption losses that mostly aﬀect the unlinked
sample, as was discussed in the previous section.
2.4. Ray tracing results
We have shown in the previous sections using a proof-of-concept
prototype, that FRET can strongly improve the eﬃciency of a LSC. If
ﬂuorophores and hosts with better optical properties are chosen, even
higher eﬃciencies can be achieved. Here, we use ray tracing to
determine the potential internal optical eﬃciency using our method
of linking quantum dots to dye molecules. Assuming a homogeneous
slab with a refractive index of 1.49 as host, a transfer eﬃciency of
93.9% (the maximum one achieved in this work), a DOL of unity, a
quantum yield of 95% for the dye, and a homeotropically aligned dye,
an internal optical eﬃciency of 75.1% is achieved (see Monte-Carlo ray
tracing section in Supporting Information for further details). This
represents a 215.5% improvement compared to a quantum dots only
LSC (23.8%) in a homogeneous slab with a refractive index of 1.49. The
same design would achieve an AM1.5g normalized optical eﬃciency of
10.9% due to the wide spectral absorption, eﬀective energy transfer and
minimized escape cone losses. To reach such a high eﬃciency level the
ﬂuorophore concentration needs to be increased to around 2.5×10–
5 mol L–1 to enhance the initial absorption.
3. Conclusion
We have shown experimentally for the very ﬁrst time that LSC
performance enhancement can be achieved by linking quantum dots to
dye molecules. Our optimum conjugate sample outperformed the
quantum dots sample by 24.7% due to 51.5% of the absorbed energy
being transferred to the dye molecule via FRET; the dye emits the
photons more eﬃciently than the quantum dot as it has a higher
quantum yield. Experiments with a solar simulator and a commercially
available p-Si solar cell revealed that the eﬃciency of our LSC reaches
2.87% with only one solar cell attached. Our materials have also shown
low degradation under UV irradiation (365 nm central wavelength,
1058 W m–2) for 5 h which eludes that this system shows potential
resilience to solar exposure (see UV degradation section in Supporting
Information). This work is only a proof-of-concept though; in fact, we
have shown using ray-tracing simulations that internal optical eﬃcien-
cies of up to 75.1% can be reached with our advanced design which
results in an improvement of 215.5% compared to a LSC doped with
quantum dots only. This requires additionally a high quantum yield dye
and ﬂuorophore alignment; the next challenge is to align the emission
ﬂuorophore which has been demonstrated previously [21,22,24].
To further improve the performance of our design, a high FRET
should be achieved with fewer dye molecules. One potential solution
are alloyed quantum dots that have varying optical properties based on
their composition rather than their diameter and are available in
smaller sizes [54–56]. This would reduce the center-to-center distance
between the nanocrystal and the dyes and thus improve the transfer
eﬃciency. Attaching fewer dyes would reduce re-absorption by the
ﬂuorophores and potential interactions between dyes attached to the
same quantum dot. To maximize the power generated by the LSC
system, customised solar cells attuned to the emission of the dye
molecules are required as well.
Our work demonstrates the great potential of FRET for LSCs by
using an absorption and an emission ﬂuorophore. This way ﬂuoro-
phores with a lower quantum yield and a small Stokes shift but a
spectrally wide absorption spectrum can still be utilized in LSCs. A
small Stokes shift would neither be a hindrance as the photons undergo
a strong red-shift due to FRET. This means that researchers would get
access to a large numbers of ﬂuorophores that would otherwise not be
suitable.
4. Methods
Qdot 545 ITK amino(PEG) quantum dots (Qdots) and Alexa Fluor
546 NHS ester dyes (AFDyes) were purchased from Life Technologies.
Anhydrous dimethylformamide (DMF) was purchased from Sigma-
Aldrich and deionized water was bought from VWR.
Conjugation: AFDyes were dissolved in anhydrous DMF at a
concentration of 1 mg/100 µl (8.6 mM). Qdots were supplied in borate
buﬀer (50 nm) at a concentration of 8.6 µM. The two solutions were
mixed together in appropriate amounts in order to give a range of
initial AFDyes:Qdots ratios (10:1, 20:1, 25:1, 60:1 and 120:1). Thus,
for an initial AFDyes:Qdots molar ratio of 10:1, 1 µl of AFDye solution
was mixed with 100 µl of Qdots solution. The mixture was then
vortexed at 1000 rpm for 2 h at room temperature in the dark.
Unbound AFDye molecules were then removed using a centrifugal
ﬁlter (50 kDa MWCO, Millipore) at 3000 rpm. The AFDye molecules
have a molecular weight of 1,159.6 g mol–1 and, if unbound, are
therefore not retained by the ﬁlter. Only AFDye molecules with a
covalent linkage to the Qdots will remain within the solution. The
AFDyes-Qdots conjugates were then resuspended in deionized water.
Control sample: The AFDyes/DMF solution was mixed with
deionized water and stored in the dark at room temperature for one
week to allow the NHS ester to hydrolyze. After this the unreactive dye
was mixed with the appropriate ratio of Qdots solution to give a control
sample in which the AFDyes and the Qdots are not linked.
Optical characterization: The degree of labeling (DOL) is a
measure of how many dye molecules are linked on average to one single
quantum dot. The DOL can be determined with the help of the
absorbance proﬁle of the sample as described in the Supporting
Information. To measure the absorbance a UV–vis spectrophotometer
(Shimadzu) was used. Lifetime and emission measurements were
performed using a ﬂuorescence spectrometer (Edinburgh
Instruments) at an excitation wavelength of 405 nm. With the help of
the lifetime results the transfer eﬃciency can be calculated [47]:
FRET = 1 − ττ
C
Q
where τC and τQ are the amplitude-weighted lifetimes
Table 2
Efficiency of various LSCs investigated in this work.
LSC Eﬃciency Concentration
AFDyes 2.11% 0.163
Qdots 2.24% 0.173
Unlinked 2.62% 0.203
Conjugate 2.87% 0.222
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of the conjugate and the quantum dots, respectively. The amplitude-
weighted lifetime of a multiexponential decay is given by τ = A τA
∑
∑
i i
i
with
Ai being the amplitudes of the diﬀerent decays τi. The internal optical
eﬃciency, escape cone losses and non-unity quantum yield losses of a
LSC are measured using our own novel method which we described
elsewhere [43].
LSC glass cell: As the Qdots with amine linker are hydrophilic, DI
water is used as solvent for all measurements. To determine the
potential of the ﬂuorophores as LSC dopants, the ﬂuorophores
dissolved in DI water are injected into a glass cell, a method commonly
used for LSCs [28,53]. The size of the LSC glass cell is 40×40×2.7 mm3
with a glass thickness of 1 mm. The LSC glass cell ﬁlled with conjugated
Qdots and AFDyes is shown in Fig. 1c. Due to the lower refractive index
of water compared to commonly used solid host materials such as
Poly(methyl methacrylate) (PMMA), the trapping eﬃciency and thus
the LSC eﬃciency will be lower. However, the main target of this work
is to show the potential improvement by linking ﬂuorophores for which
the LSC glass cell is perfectly suited.
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